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Observations of stratospheric aerosols have been made with an opti- 
cal radar at Lexington, Massachusetts, during a tvro-year study. Some 
observations were also conducted at College, Alaska, in  t f i e  su-mmer of 
1964. Vertical profiles of aerosol concentration were obtained by CQZ- 

paring the cptical radar  echoes with the expected return.from a i-nolec- 
.ular atixosphere; the observed signal from 25-30 k m  altitude was used 

to calibrate the. instrument. 
The observations show that the aerosol layer xear 23 k;r e:&iMt& 

little ttlxnporal variability. The observed retilrn from the layer was 
approxinately 1.9 times the return from a molecular atmosphere; t k  
daily rms fluctuations were smaller. Comparisons with previous T C L ~ Z S -  

- uremects indicate that the concentration of strztcspheric aercsols was 

one order of magnitude higher, presuolably because of the eru$ion of 

The data have been compared with various nieteorologiczl parame- 
ters associated with conditions iL the lower strztosphere. A slgnificznt 
negative correlation between fluctuations of dust and ozone has been 

' 

* Mount Agmglin March 1963. 

' 

found in the measurements. 
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' The presence of a layer of particulate na te r ia l  in  the lower strato- , 
sphere was deduced many yzars ago from twilight observations of the 
purple light (Gruncr zcid Kleinert, 1927; Grue l . ,  1942). 

The existence of the layer was directly verified with particle sanpling 
equipinent carried on high-altitude balloons (Junge, Chagaon, and Manson, 
1961; Chagnon a id  Junge, 1961). Vertical profiles cf particle conceEtra- 
tion obtained with ari inertial impactor designed to collect particles 
larger  than - 0. l-micron radius persistently exhibited a broad maximum 

' in particle concentration at - 20-krz altitude. Collections by impactors 
4 on U-2 aircraft at 20 km (Friend -- et al., 1961; Junge and Manson, 1961) 
.. showed that particle concentrations between 60"s and 70"N exhibited no 

systematic latitudinal variaticn, 2nd the aerosol layer was 2 world-wide 
feature of the lower stratos2here. 

Chemical analyses of the particles collected by the iinpactors indi- 
cated that the rx jo r i ty  of the particles were coii1posed of sulfates (Junge, 
Chagnon, znd &'Ianson, 1961). This result was confirmed by electron- 
diffraction studies of the  U-2 samples; Friend -- et al, (1961) found t h t  
more than 90% of the mass of the impacted particles was coixposed 03 
crystalline ammoniurn sulfate o r  , on occasion, arnnioniurn persulfate. 
The clie&cal composition of t'ne particles and the observed shape of the 
concentration profiles led Junge to proposc that the particles W ~ T Z  forzled 
-- in situ by osidation of traces of gaseous sulfur coxpounds (hydrogen sul- 
fide and suifur  dioxide) that had entered the stratosphere by vertical 

- 

. ' 

. mixing processes. 

The presence or" the aerosol layer has Seen su'bstmtiated by other 
investigators. Fo r  example, Bigg (1 95 6) perforned photcnetric obser- 
vations of the rate  of change of the intensity of twilight and related rapid 
variations of this parameter to  the intcraction of the edge of the earth!s' 
shadow with regions of dust particles in the atmosphere. These r;=eas- 
urements have detected the presence of apprecizble arcouats of dust in  
the 15-20 km reZion, thereSj. supporting the resul ts  of the particle 
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about it. An observation of the vertical distribution of the diffuse radia- 
tion from the daytime sky ineasured by rocket photometry (Zgssler, 1963) 
showed a radiation ma,uimurli at - 25 hi that could be attributed to aero- 
sol scattering. This rocket sounding, obtaiaed in the Sallara, subatanti- 
ates the rneasuremer;ts reported by Chagnon and Junge (196-1) which indid 

cated that the concentration maximum may be located at higher levels in . 

k 
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tropical regions. I 
The aureole photoixetry of Nzwkirk and Eddy (1964) also demonstrated 

I 

the preseace of the layer. The angular and spzctral distribution of SUI=- 

light scattered in the stratosphere measured by a balloon-borne corma- 
I 
I 

i graph was analyzed to provide information on the particulate material  

above the in s t rmen t  and, by differentiation, on local aerosol parameters. 
The dust &centrations observed on two different flights of the instrunezt  
were consistent with the direct-sampling results. 
obtained during this study that the dust "layer" n;ay contain thin laiiiiiiae 
with concentrations esceediiig smoothed values by at least an order  ~f 

8 .  

Evidence was also 

I 

collections, although the concept of a well-defined illumination discontinuity 
. at the shadow boundary has &en criticized, particularly by Megrelishvilli 

(1 958). - 

Volz and Goody (1962) measured the absolute intensity of the twilight 
zit a fixed angle of elevztion to derive quantitative information on the tu r -  
biclity of the .upper atmosphere. On the basis of a carefully constructed 
theoretical node1 which incorporated the effects ol' Scattering by the IrLolec- 

pheric ozone, dust profiles were derived by comparing the cbsei-ved t-:ii- 
light intensity with the expected intensity froin the model atmosphere. 
Even though these results provide data that a r e  smootii over'at least 
1 0-km altitude, the turbidity profiles usually displayed a broad maximum 

--- 

ular and aerosol components of the atmosphere and absorptim by atims- 
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On occasion, thin dust layers in the lower stratosphere can be 
observed visually and photographically when viewed in the horizontal 
direction from a i r c r d t  o r  balloons (see, for exainple, Jacobs, 1954; 

. Bull and Jaines, 1956; ROSS, 1958); these observations, however, could 

' 

usually be associated with precedirig 
be a natural feature of the strospheric aerosol distribution. 

volcanic eruptions and may not 

Searchlights have been used to detect the presence of scattering 
layers in the atmosphere (Rosenjerg, 1960; Elterrnan and Cal;lpbell, , 

1964). With this technique a searchlight b e a n  directed into the atirios- 
phere is scanned photometrically to rneasure altitude variztions of the 

. 

light scattered by atrmspheric constituents. These observatiox have 
also shown strong aerosol scattering near 20 kzn. Recent research iii 
the Soviet Union (Rosenbzrg, Sandomirsky, and Poldixaa, 1966) using 
twilight photometry and measurements f r o n  aircraft and spaceships 
(Rosenberg and Nikolaeva-Tereshkova, 1965) , a s  well as searchlight . 

observations, has consistently detected the aerosol layer at 15-22 km 

altitudes, with minimum dust amounts observed in the 25-30 k-m region. 
The eruption of Mount Agung on Bali (8'25'S, 115"3O1E), on 17 March 

1963, has increased the aerosol conteEt of the stratosphere. EEhanced 
optical effects have been reported by many observers: Volz (1965) has 

obtained since the volcanic eruption. In the Northern Hemisphere-reports 

recently sumrnarized rnany of the visual and photometric observ a t' 10ns 

of unusual twilight effects (see, for example, NIeinel znd Mcinel, 1963 
and 1964; Vclz, 1964) indicate that the dust content of t'ne stratosphere 

. increased substantially during the fall of 1963 and that abnormal condi- 
I tions have persisted at least throughout 1964. 

Some quantitative measure-aents of the increase of Stratospheric 
aerosol concentrations before and after the Agung eruption with the s a x e  
method of observation used a r e  available. Volz (1964, 1965) has coatin- 
ued ear l ier  measurements of the intensity of the twilight (Volz m d  Goody, 
1962). These oSservations show deviations from normal conditions , 
beginning as early as May 1963; a pronounced increase in stratospheric 
turbidity early in the winter of 1963 was followed by zbm~ix .C~y  ?iZh 

--- _ _  
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- dust amounts since that time. Volz has estimated that if enhanced tur -  
bidity was due to a layer that is oiily a few kiloi-aeters thick, the aero- 
sol concentraticin may have exceeded that of the ordinary sulfate layer 
by a factor of 20 during the winter 1963/64. 

Recent studies of the aerosol layer using balloon-borne photoelec- 
tric particle counters (Rosen, 1964) also indicate that particle conccn- 
trations between 15 kril and 20 k a  may be an order of magnitudz larger  
than the results of the particle collections of Junge and his collaborators. 
A quantitative comparison between the results of optical ineasurexents 
and the particle concentrations obtained by analyzing impactor sar-ples 
is, however, subject to some question in  view of the uncertainties asso- 
ciated with the collection efficiency of an impaction surface and the pos- 
sible loss of volatile na t e r i a l  after collection. 

# 

_ -  

I 

Stratospheric particles have bzen ccllected with impactors both before 
and aZer the Aging event a d ,  therefore, provide cornparztive i n f c r r a -  
tion about the p e r t u r b d  state of the aerosol layer. Particle-nuzYosr con- 
centrations measured byFriend ‘(E’eely -- st al. , 1963) fro-m U-2 flights at 
latitudes near 30”N, on 7 May 1963 and 30 July 1953, were approximately 
four times grezter than valuzs measured before the volcanic eruption. 
This was attributed to natural variations in the ordinary sulfate layer 
associated with the existence 01 a 1an;inar structure. It now seerils p ~ s -  
sible, however, tiiat these ineasureziects may have recorded the incur- 
sion of volcanic inaterial into the Northern Hemisphere with Ettle delay 
from events in the Southern ‘leixisphere. 

Particle collections on impaction surfaces i-nounted on U-2 aircraft  

the Mount Aging eruption by Mossop (1963, 1964). Aerosol coscentra- 
tions up to 7 times those observed before the eruption were found in  the 
impactor saixples for  a lnos t  a yeaT after the eruption. Furthermore, 
the dimensions of many of the particles were much larger thm cbscrved 
in samples collected before the eru$,ion. This was due not only to the 
presence of larger particles which could o?tm be recognized as  volcanic 
debris, but also to the existence of a layer of wzter-soluble material on 

have also Seen performed in the Southern Hexisphere bzfore and aft‘ter ---_ 

- .-.- 
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these particles 2iid, cn occasion, of a fluid layer surrounding the parti- 
cle. Mossop snggested that the coating could be sulfate material or ,  in 
the czsc of fluid. layers,  sulfuric acid resulting from cxidation of the large . . 

' quantities of gaseous sulfur coinpounds icjected into the .stratosphere by 
'the eruption. It is possible that the i;ronounced changes in the optical 
properties of the aerosol layer Day be related to clianges in the p:iysi- 
cal aad chemical properties of tine stratospheric aerosol, in  addition t o  
enhanced effects resulting frora incrzased particle concentrations. 

The present study stems from explcratory at texpts  to provide rGu- 

tine observations of atnospheric aerosols by using a pulsed ruby laser  
as the source of radiation for zn optical radar  system. The apparatus 
developed for  the study is described here. 

I *  - 

. 

The use of light beams to derive inforination about t h  upper ~ t i ~ ~ c s -  . 
phere is not a new concept; the ability to detect aerosol layers in the 

already beeiz discussed. The use of sezrchlights was originally suggested 
by Synge (1930) a s  a means of measuring atmospheric densities; several  
investigators havz since used searchlight beaixs to obtain atimspheric 
density profiles (seet for example, Elter-can, 1954). Searchlight obser- 

. vatiom a re  usually performed by photcxietricaliy scanaing a steady o r  
modulated searchlight beam by photographic or  electronic techniques from 

. an obse-wing site lobated a considerable distance from t'ne sourcz, and 

, . employing triangulation for altitude dzterl-nination. A pulsed searchli,aht, 
capable Gf being operated f r o n  a single site by using the time elapsed 
between the transmitted and received s ignd.  for  altitude deterxination 
was used by F r i e d l z d ,  Katzenstein, and Zatzi'ck. (1955); however, 
suitable light solirces were not yet available to  take full advantag;e of a 
pulsed sys tea .  

- atr;los$iere by measuring light scattered fro= a searchlight beam has 

I 
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The equipraent 
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I .  I C . .  . I -  

I I t  ; 2. INSTRUMENTATION 

used fo r  the detection of stratospheric aeroscls is an' 
'optical radar; a pulsed ruby laszr  acts as the transmitter and an astro- 
nonical  telescope as the receiver for  a rnonostatic radar system. Pre-  
vious applications of this technique to the study of the atnosphere hzve 
been presented in an earlier note3yFiocco and Smtllin (1963), and in  
subsequmt papers. 

The details of the instruimntation have changed thrcughout th i s  study. 
The apparatus utilized in the early phase of this work and until the end of 
May 1964 has been described an2 sor;=e initial results have heen i-eported 

f by Fiocco an3 G x m s  (1964). During the surmr-er of 1964, two optical 
radars  were taken to Alaska and Sweden to stuay noctilu-cent clouds 
(Fiocco and Grams , 1966); some data on stratospheric aerosols wliich 
were collected in Alaska with olie of these instrur;.,ents a r e  presented 
here. Fro= the fall of 1964 to the end of the study, data were collected 
in Massachusetts with the apparatus previously located in Sweden. In 
the present version the apparatus utilizes 2 Cassegrainian receiving 
telescope of dO-crn liazzeter. The receiver includes a 6 4 bandwidth 
interference filter and an EM1 955812 photomultiplier that can be refrig- 
erated by ckculation of rnethmol cooled by mixing with dry ice. 

pulses of approxixately 2 joules,with a duration shorter than 1 psec at a 
maximuix pulse repetition rate  of approximately 30 per minute. The ruby 
rods flashlamp (EG & G FX-67 A), and the elliptical cavity 8re  cooled by 
closed-lcop circulation of distilled water, The 90 O orientation ruby rod 
is 6 518 inches long and 3/S in diameter; a rotating prism is used for 
Q-switching the laser. In t'ne first phase of this work we used a ruby 

----- - - - - - - _ _  _._ -- - -  - 

I 

____ -- - - - 

0 

The laser uxit, built by Applied Lasers,  Inc. , is capable of delivering 

-- - - -- - _._ - ---- --- 

- - - - -  - _ _  - - - - - - __ - 

l aser ,  buil t  by the Radio Corporation of America, w1Cch could ezl.,it 
pulses of approsimately 1/2 joule and duration shorter than 1 psec. 
6),-switching was ac'hievcd Ynrough the use of a rotating mirror. 
3-inch ruby rod used in this laser  and the elliptical czvity were cooled 

The 

by dry  nitrcgzr, passed through a coil immersed in liquid nitrcgen. An 

EG ZZ G FX-42 flashlamp was raodifizd for cooling with distilled water. 

7 



- .. . . .-..._ . .. .. . . .I--- . -  

- _  
... --.. 

- .  

- - .- -7 ' I  _ _  . .. 
j 

Tile radiation is collimated by a transniittiag telescope, 10 cfii in - -  

diameter with 1 -meter focal length. The instruinent includes two syn- 
chronized rotzting shutters, o m  for cutting out any fluorescence ex i t -  
tcd by the laser unit after the main pulse is Yadiatcd w d  another syn- 
chronized shutter to prevent exposkg the photomultiplier to til2 intense 
r&n obtained from sczttzriag at short distances. 

8 
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3. DATA RZDUCTION 

When thc laser is pulsed, the return sipais are diksplayed on a 

Telctronix 555 dual-beam cscillcscope and photographed. "vi0 t races  
dispkying the 2ii:plified phtomultiplier current with differexit sweep ra tes  
are  recdrded sil;xdtmeously: one trace displays echoes at 0-40 krs alti- 
tudes, while the other extends the cbservztlon to  a range =;: 200 km. At 
altitudes a h v e  30 h i ,  the flux density of the e'choes decreases t~ such 
an cszent that a continuous current is no longer recorded and, when t'ne 
gain is i x r z a s e d  Sy a factor cf - 100, the display consists of l1s2ikesl1 
representiny the emission oi single photoelwtrons by the photocathode. 
The 200-kiz data can be analyzed by counting the xiinber of "spikes" 
observed in specified altitude intervals for a large number of t races  
(Fiocco and Sixullin, 1963). 

Most of the 1964 data were rzcorded wit'n a Hcwlett-Packard Model 
196A osci l lcscqz camera capa3le of recording several consecutive optin 
cal radar echoes on Polaroid filsr,, and were digitized by use of a cali- 
brated grid. Fro= January 1955 to the end of the study, data were 
recorclzd on 35-rArr, fil-m wit': a modi1ied Fairchild 556-3B1 rada-?sc.spe 
Caix2Tz. The redaction of these 6 z t ~  has been accosiplished with a 
Benscn-Leher l'Oscar F" sei;liauto:r,atic record analyzer. The obscrv5d 
coordiilates for each 4O-km display were digitized and punched on data- 
processirg cards for subsequent analysis on the IBM 7094 computer. In 
either case, corrections for any nonlinezrity of t'le oscillosccjpa display 
or camera system wzre included. 

Since the pulse length of the laser is less  than 1 psec, a range reso- 
lution of SA least 150 r r z t e r s  is kvailablc in the oscilloscope records. In 
view of the presence of r a n d a x  cor-ponents in the receivad sigxal, how- 
ever, it was found necessary t o  integrata a numbcr of successive t races  
and obtain an average optical radar return for the given tiixe interval. 
The nunber  of traces required to reduce the statistical fluctuations of 

. the received signzl to an acceptable level, the relatively largz range 
interval used for t'ne study, and the difficulty of determining the exzct 
posi t im of verysr;.aXra;lgc intervals, especially on the Polaroid prints, 

9 



made it clzsirzhls to decrease the rar,ge resolfition. The data records 

were dizitizzd by using avei-age vertical coordinztes for 1 -1cn altitude 
i?creri=en'is for  the Polaroid dzta arid 0.5-kEl ixcrernmis for the data 
recorckd 03 ri..icrofilin. The &served coordinates for consecutive 
t races  were surxried to  provide an integrated optical radar  return for - 
each pericd Gf observztion. This average signal was th&n 'corcpared 
with t'ne zxpcctzd signal frorc a aolecular ztziosphere to  construct 
vertical profiles of t'ne dust coztent of t'ne stratosphere. 

8 
! 
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4. OPTICAL RADAR EQUATIGNS 

The iztensity of echoes for aa optically layer of hoxogcneously 

, the expected nurr,Ser of 2, 'nOto-  d i s t r ih t ed  sczitters, expressed as - 
electrons pe r  transmitted pulse per unit raiig%, e-mitted at the photoinul- 

dqr 
dR 

. tiplikr c.zthode, is 
1 

/ 

where VI is the transmitted energy per pulse, A is the collectir_g area t r 
of the receiving telesccpa, k arid kt a r e  thz efficiencies of the receiving r 
and t r a s n i t t i n g  systems, k is the atmospheric ti-ansaission, is the 
collective radar cross section of the scatterers per unit of volume, R is 
the distame, X is tne wavelength, n is the quantum efficiency of the pho- 
tocathode, h is Planck's constant, and c is the speed of light. 

2 

T: is determined by contributicns frorn various atmospheric constit- 
uents. We shall interpret our returns according to a rmdel that assames 
thzt the stratosphere is composed of air  molecules and dust particles. 
The r a d x  scattering cross  section of air nolecules will be calculated 
with the aid of the expression 

, 

where 
sity, m d  Q 

radius r and describe the size distribution with the aid of a commody 

is the refrzctive index cf air, N is the molecular number den- M 
is the rzdar cross  section of an individual rcolecule. M 

We shall a s s u n e  that the dust particles 2re homoganeous spheres of 

-_  
-. -_ _.- used parameter . _  

- _  - --__ 
&) = dN/d log r, - (3) ~ 

where N is the coxcentrztion of dust particles of radius sn;aller thLq r. 
PiD, the numbcr of dust particles in a radius interval from rl to' r2, is thereS1- 
oStained f r o x  the integral 

11 
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When the size distribution fuzcticn is specified, the results of the Mie 
scztteTig2 'iheary (van de Hulst, 1957) can bz used to evaluate the , radar  
c ross  s'ection for the ensemble of dust particles. The size distribution ---_ 

ob'iair,ad by analyses of the il-nszctor sara?!es of stratospheric particles 
collected by Junge et al. (1961) and Friesti et al. (1961) showed a r2.gz- 

- _  
lar dc-crease in concentration f o r  $articles in  the size rz;=gc froin approx- 
imately 0.1 p to at least  1 p radius Ynat could be approximated 5y a power 
law: 

I .e(r) = - c 
Y '  . r 

(5) 

wherz C znd Y are constants. In a subsequent investigztlon Friend ( T s d y  
et al. 1963) found the lower radius k n i t  for  the po;vzr.-law approxiraaticn 
zt Z slightly lai-ger particle size; the distribution function was approsl- 
rnately syii1fi:etric absut 0.275 p radius. It should be pointed out thzt the 
deterainrtlcn GP radius limits for the observed size distribution is cxper- 
iner-tzlly difficuit. At the lower h i i t ,  direct saapling I=leasurcnexts 
require corrzctions for  inpaction efficiency, and optical xieasure;i:znts 
are rzther insensitive to changes in the size distribution. At the upper 
limit the o5ssrved low pzrticle concentrations are subject to large sta- 
tistical fluckztions. Accepted values for the exponent' Y range between 
3 and 4. Junge (1963) uses Friend's value, Y = 3.5 ,  which is also consist- 
ent w i Y l  the o;?tical rneasurez2cnts of Newkirk arAd Eddy (1961). 

We h w e  evaluate< &lie intensity functions for backscattericg from 
fiomogeneous spheres zt coEplex vzlues of t i e  ir,dex of re?raction to 
coxxpate the radar cross section for a n  individual dust particle, crD, as 
a function of its size. Coxqlete results, which we hope supple-ment the 
extensive l i teratura oil the subject, will be presented elsewhere. 

W e  have limited our present work to an analysis of the scatteringcross 
# 

section for non&sorbing sphzres with a refractive iadex n=.1.5. This 

12 



value is in acccrdzzce with the ca i - i~po~i i i~n  of the stratos;hcric particles 

I collzcted by Sunge et al. (1962) s a d  Frizad et al. (1961), and it hza also 
been csed Sy V G ~ Z  (195-4) i-, a study r ~ f  atmospheric aerosols, 

2 Fig. 1 shows the nmmzlized radar cross scetion G / m  as a function - 
of the paraixtlter 
steps Aa = 0.05 to a value c. = 30. The scatt%ring.f~ncticn has been integrated 
for tine followkg model of size distribution. 

= 2 i i r / ~  for n = 1.5; calculations w z r z  perfornie6 in 
- 

I 

1 .  

Thus 

for  r < r l  o r  r > r,. 1 O s  

for r2 >> rl,  and the radar c rass  section for the ensemble of particles is 

The radar cross section has bzen numcricdly integrated for  difi”x- 
eit values of the exponent v and lower radius limit r 1’ The upper limit 
d = 30  is fixed and correspocds to r2 = 3.3 p at ruby wavelengths. The 
results for v = 3.5, r = 0.275 p, aiid r2 = 3.3 p with Y = 0.6943 p 2re 
shown i n  Fig. 2. The diagram shows NDJ the total mi-nber of particles 
necessary wit5 r < r 4 r, for  the cross section of the zerosols to 
equal the cross section of molecdes at the indicsted altitudes. 
other resul ts  wi l i  be preszzted elsewhere, w e  point oute2tt‘ne backscat- 
tering intensity functions decrease very rapidly with decreasing .particle 

1 
While 
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size,  zrid the s;-xller particlc-s do nct a id iz  a sigzificant ccxtribxtion to 
the backszatterzd rzdiatioa unlc-ss thzy are grzsent in very large amounts; 

thus a dcteiled description of the size distributioii in the size rafise si;?aller 
t n m  r 
the radiizs zt which a in the &served exponential dis t r iht ion func- 
tion is fo.;l;?d. Also, calculaticns ?or the refractive index "n = 1.33, appro- 
priat to  wzter droplets, gav? zstiixates of particle ccnceairation excezding 
tiioselobtaincd Ior n = 1.5 by a fzctor of app-csixately 3. This i&iicates 
that t h e  use 01" ~ i e  calculations fo r  a 1.33 .re?rzctive index to interpret opti- 
cal radar  r e i u r x  froin the stratosphere (Deirrzeiidjim, 1965) may over- 
estimate ihe particle CGilCentratiOn by this amount if  particles are indczd 
coraposed GI^ tke s u l k i e s  that hzve been detected in the  irripzctor samqles. 

With the laser systeias used in th i s  strtdy, the excrgy traiisi-.:ittcd, Wt, 
was not CGilstant froin pulse to pulse; although VI 

detcrir,iEzed by an a2zopriate  izonitoring sysizix, this was don2 G i d y  occa- 
sior,ally. S izdar ly ,  k aiid IC the efficiencies of the transixitting and 
receivinz sjistzrfls, respectively, could also be aeasured  and ctilized in  
t he  calcxla",cn. In generz& the  atmospheric traqsinission ccefl'iciznt, lCz, 

is a filnction of hi$t 2nd time. 
In the at texat ien r ; l ~ d d  proaoszd by Eiterrnan (195-4) atricspheric opt;- 

cal- paraT-eters have keen calculated that include attzmation 3y zolecular  
and aerosol sc2.tierinz and by ozoi12 zbscr2tion. 
pidted'for 0.7-p radiation indicate that the k tei-z would not vary by raore 
tiia 3% ov2r the entirz altitude interval 'fro= 10 IC= to  30 ki;.,. In reality, 

is uim?cessary Tor the mxcrical iiltegrations when r 1 .  0 1 
r.epresen:s 

. 

__--  _- .i nc 
/ 

\ 

I . 

could in pinciple  bs t 

t r' 

The parameters c o x -  
2 
a 

--.- u L a C h  lzrger valuss cf t h  ZttenuEtion could Se caused by the presence oI' 

thin trcpcsphzric clouds that might not be easily detected visually. 
LVhile the o$icd radar is, of ccurse, capable of detecting such siratifin 

. cations, ihc iixportant pGini is that the beam suffsrs a h o s t  all of its 
. attenuation in the troposhere; k is talcen to be, for OUT purposes, a . a  

14 - 
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prcvicusly (Ficccc and G r ~ n s ,  136C) and a re  preszntx? in Fig-. 3 with 
a ci:znge in  the s;rr_:_'sols usedto  describe t k  scattering ratio. Curve a 
is the okservac! sptical radar rztcrr: obtCii?e&5y zvcrzgizg 20 CailSzcU- 
tive traczs. I ile eirpcct;.d return fret;;: a dust-frce a t i s s p h e r e  is plotted 
as curve b. .The sczitering rztio Z/Z x is curve c, the ratio Sztwem 
these two ctlrves. Curve S has 'men skifted in the vertical dircctioiz to  

n? 

de'ierninzd t'ne c o n s t a t  t e r n s  Gf Eq. (1) by usifig obszrved optical radar 

returzs  to calibi-ztz the a?gz&c~s. The vertical coordicstes of a zuYi%q 
ber ~f coxiecutive t races  zr2 averaged to elixinzts stztistical fluctua- 

15 



study p r i o d .  T5z correct ion v;as a?plied to a l ixi ted fiuizbzr of pra- 
files zcd t c  the low-zltitude pzrt of t,?e profile cdy.  Resul ts  a f fx t ed  

.. ... - 
16 
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I 

are expressed as pzrcentagz dwi&ians frcm the rilean phatorlectron f l a x  

cbszrved at ~ z c h  altitude. The carves reprase:Tt smoothed vzlues of the 
results cf c o ; ~ p i z t i o n s  pzrforiyec! 0:: thz s a i x  series of dizitized traces 

C L L V l l J  cc, of expected rixs fluctu-" - 3 -  

- 

A1 LA.(. -4. mere  rrsed t o  coratruet Fig. 4 .  - 1 'e ' 

1s 



._ i 
scale. The serni-lop.-i?mic prcseniation providcs an iiwariant shape 

for thc proiile, s i m c  chai122 in t h e  r a k r  cxlstant will  only shift the curve 
in  the horizontal direction. Thz enhanced mckscattering from tile 15-2 0 
krAi region is quit? evideat, showing little quali'cztive chmge f r o a  one 
profiic to the nz;:t. T ~ I Z  zip2recizXe ciiifercnces b e t ~ ~ e e n  csisecutive pi.0- 
files zt.higher altitudes a re  attributcd to the statistical il,uctuations of 
the siznal and a re  r,ot used to derive a wave structirre for  thin aerosol 
layers at these altitudes, as susgested by Collis arid Ligda (1966) with 
skililar apparatus. We point out that thz intensity of radar eckozs at 30 

kin is spprcxl-r=,ately ~ V O  o rde r s  of r;.,agnitude less than those cbserved 
at 10 h i ,  and the observed profiles at the higher altitudes arEt therefore 
more scnai'iivz to  the shot noise of the photodetector and other sources 
of stztisticd fluckntion (s 22 Fig. 5 ). 

aight of observatisn on 11-12 March 1965. These profiles a re  constructed 
by avzra,aing 25 conszcutive t raczs  r x o r d e d  at 2-second intervals; ezch 
ser ies ,  therefore, was obtaized in slightly less than one izinute. These 
profiles and those from other nights of observation also show little qxil- 
itative cha;.gz in the 15-29 !;x region, e v m  on an hourly s c d e ,  thereby 
suggzsting that the aerosol layer is a slcwly changing feature of the I G W ~ ~  
stratos$xre. Again, returns fro-= higher altitudes a re  subject to a ccn- 
sicierable arilcunt of statistical fluctiation. Fig. 8 shows daily profiles 
obtain36 on 5 consecutive days, in  March 1965. The daily profiles are 
produced by Lveraging all hourly profiles obtained during each night of 
observztion. These do indicate SOiTle changing features of tlie vertical 
distribation ~f dust during 5 d2-is. 

during 1964 aiid 1365 is illustrated by the solid line in Fig. 9. A inax ixux  

. 

Fig. 7 presents 10 hourly proriles of tlie scattering ratio for a sinsle 

The averazz vertical distrilution of dust for all analyzed data o3taiaed 

v. 

vah2 for the scattering ratio = 1.9 is obtained. The dotted lines indim 
i 

cate the extez'i of thz TiiW deviation of the daily profile. Such deviatims 
are esseztially due to  tile varying characteristics of the layer; and in much 
sixaller part  t o  the statistical fluctuations of the measuring tec'mic,u?. 1 We 

. . .  - -  . .  . .  .. 

19 



. 1 '  ' 

. estimate that the magnitude of such instrumental fluctuations varies f r o n  
: ; 0.2% to  3% of t'ne observed scattering ratios throughout the altitude range 

of interest, and, in  any case, w e  regard them as negligible with respect 
I - to the intrinsic fluctuations of the stratosphcric dust. W e  must, however, 
. -.; point out that small systematic e r ro r s  n a y  still affect the measurements, 

. , especially in regard to the assumption that the 25-30 knl I region is ade- 
quately described by our model dust-free atmosphere. The presence of 
appreciable amounts of dust in this region would cause u s  to infer dust 

. .. amounts smaller than the actual dust content of the stratosphere. 
. 

. during the study, bimonthly means for all of the daily profiles have 

% .  

* - _  
-. - *  
: . . -  

.- . 

i . :  

.. ~ 

1 .  I- . . . - 

. 

To illustrate the fiasonal changes that were observed in the dust layer 

been 
calculated by grouping the appropriate daily profiles. The results are pre- 

' as a sented in Fig. 10, which shows isopleths of t'ne scatterin& ratio - 
function of altitude and time. Fig. 11 indicates day-to-day fluctuati n s  of 
dust amounts at 16 km, near the center of mass of the aerosol 1ayer.Points 
plotted as open circles on this diagram and all subsequent diagrams refer  

. . -. to dust observations that incorporate an  instrumental correction. The data 
collection was interrupted from mid-February 1964 until April 1964. Another 
break in  the collection of data at Lexington occun-edinthc sunirner of 1964 
when observations of noctilucent clouds were performed; data for the sum- 
mertime high-latitude stratosphere were, however, obtained during that 

.. 
I .  . # .  

. .  % . .  

. * . t .  . 
, 

1 : -  

*. . 
. . ?. . 

. . ' i  

. .  

. .  

. .  
. .  . . . .  . 

. .. 
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period. The observed dust amounts exGbit an appreciable amount of scat- 
t e rwi th  a generally decreasing trend. The highinitial aerosol conccn-. 
tration, followed by decreased amounts during the spring of 1964, follows 
the same trend as t'ne twilight observations of Volz (1965) during the same 
period. Fall 1964 was also a period of high aerosol concentration, with 
decreasing dust amounts indicated during early winter 1964/65. Except 
for a short period of low dust amounts during mid-March 1965, the aero- 
sol concentration increased again during the spring of 1965. A subsequent 
decrease during the summer of 1965 suggests that the stratospheric aer- 
osol layer may be returning to normal conditions. LOW dust amounts dur- 
ing the summer of 1965 have also been found by Volz (1965) and are cor- 
roborated by other investigations such as studies of the small-ion density 

/ . .  - - _ _  
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in the stratosphere {Pal tridge, 1966). The considerable length L of.time 

. 1 \  required for the turbidity of the stratosphere to return to  'normal condi- -~ . - .--- - 
' .tions is comparable to the well-documented Krakatoa eruption in 1'883 , 

- (Wexler, 1951). -- I i. . " i _ - _  

1 .  Rosen (1964 compared the particle concentrations at the concentra- 
t ion maximum of the aerosol layer w i t h  particle concentrations at 85  l c m .  

He concludes that the source must lie at least above 85 kin, and that the 
particles a r e  probably of extraterrestrial origin. In view of the-compo- 
sition of the particles (Friend et al., 1961; Junge et al., 1961) and the 

. omnipresent minimum-scattering ratio above 20 km observed in this 
study, however, it appears that the particles may be, formed within the 

I 

. 
- _- - 1  

I ~. . 

' layer as suggested by Junge et al. or, at least, can de associated with 
the spatial distribution of the debris injected into the stratosphere by the 
eruption of the Agxng volcano, 

Using daily values of the scattering ratios averaged over 1-km altitude 
Various statistical calculations have been performed with the dust data. 

. .  

. .  

intervals, we calculated autocorrelation coeffi'cients at each altitude for 
lags up to 30 days; with the 66 different profiles available for the statis- 
tical 'calculations approximately 15 data pairs could be assembled for 
each lag category. The curves, shown in Fig. 13a for dust measurements 
at 14, 16, 18, and 20 km, indicate large values of the autcrcorrelation coeffi- 
cients for lags up to 6 days. Unfortunately, the aut'o'correlation function 
was calculated from an inhomogeneous sample in which the number of 
data pairs decreases as the time lag inc reases , so  that the statistical 
reliability of the correlations decreases for the larger lags, Fig. 12b 
indicates the number of pairs utilized \for each value of the lag parain- 

-.. _______ . - - - .- 

-- -- .--- _-- -- -- - --- .- - - - 

-- -- -.-*_ 
eter. 

The profiles obtained during the summer of 1964 in Alaska are'shown. 
in Fig. 1.3. The average profile for the summer is also included in the 
diagram. An average scattering .ratio of -1.7' with daily r-ms'flu'ctuations 
-0.15 Lis- observed at the altitude of the maximum scattering ratio. The 
amounts were smaller and located at slightly lower altitudes than those 
obtained in Massachusetts. Other observations (Manson and Junge, 1961; 
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Daily fluctuations of the stratospheric dust content have been com- 

pared with those of atmospheric ozone. Most ozone variations occur in  
the lower stratosphere, where maximum coneentrations a re  observed. 
Ozone is generally considered to be a photocherriically quasi-conservative 
quantity in the lower stratosphere ‘and has frequently been used a s  a 
t racer  to indicate4tniospheric motions. Various aspects of ozone 
.research have been reviewed by Craig (1965) and by Vassey (1965), among I .  

-. 

, .  
. .  
. .  

. .  . 

I ’  
~ . . .  

other authors. 
In the usual method for determining the total amount of ozone in a 

vertical column a comparison is made of the flux of solar radiation at 
different wavelengths in a spectral region where solar energy is absorbed 
by ozone but still reaches the surface of  the earth with sufficient intensity 
to be detected by a spectrophotometer (Dobson, 1957). The temporal and 
spatial distribution of total ozone has been studied for several  decades, 
and although daily fluctuations of total ozone often exceed seasonal 
changes, the climatological data obtained by averaging large nunkers  of 
observations show a maximum amount in  spring and a mini rxm in fall, 
with the largest seasonal fluctuations observed at high latitudes. Many 
methods of observing the vertical distribution of ozone a r e  also available 
(Craig, 1965). Systematic observations of the vertical ozone distributions 
have been performed at a network of North American Stations, since 
January 1963, in  a program organized by the Air Force Cambridge 
Research Laboratories (Hering, 1964; Hering and Borden, 1964, 1965a). 
A chemiluminescent device designed by Regener (1964) has been used in 
the ozonesonde network. The balloon-borne instrumentation provides 

I detailed profiles of the vertical distribution of ozone; absolute calibration 

of the apparatus relies on a surface measurement of the total ozone with 
the Dobson spectrophotometer. An analysis of the reliability of the ozone- 
sonde rneasureinents has been presented by Hering and Dutch (1965’). 

~ 

Ozone and dust amounts have been correlated with dust profiles 
derived from the pptical radar  observations and ozone data supplied by 

, .  

.24 . -  
. .  . .  
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W. Hering and T. Borden. . . These ozone data included vertical ozone 
profiles obtained at Bedford, Massachusetts, as  part of the regular ozone- 
sonde program, as  well as  more numerous complementary data on the 

, . .  .,-, .-..::.. J.;;.' ..: ' . . I. . , . .L .... . .._ ..-a , total ozone amounts measured daily at Bedford. . --.. - . ' .  - 
.. .- .- .. . . t . l  ,,.- t.., . . ,. ,,,,,., -... - ...I - ... 3,.:.,1 ..--.'. .- A'. -. _. - j .  -.,.. -- .:. I .._ ,. .  . i ,... '.'.:L - , ... 
. .:, ) . . . . - . a , .  . .... ;*- ' .  s". c... L I . . .. . J . : .  . :e. L r - .  

.. . *.,e, ... & .  .. * . e .  _.. . .  . * .i . .'._ ' C ' .  
I '  

us t  and ozone profiles have been expressed in terms of their-aver- _. - -  

age: concentration in 1 -km altitude intervals in  the lower stratosphere, * 

and correlation coefficients were then calculated for  each altitude inter- 

. 
. .  I 

val. The results a r e  given in  Fig. It which shows the correlation between 
dust and ozone for altitudes from 12 km t o  24  lcm for several different 

. .  ozone and dust profiles could be assembled for various time lags by using . . .  

. ..  

,, . 

. . .. 
. .  

t ime lags between respective measurements. The ozone profiles had been 
obtained 2.ccording to a schedule providing weekly observations and some 
additional observations in situations of special meteorological interest. 
The observation dates for dust and ozone'did not always coincide, siilce 
attempts to correlate the two parameters were not initiated until the fall 
of 1964. Furthermore, the optical radar observations a re  dependent,on 
visibility conditions and could not always be performed at times near'3the 
scheduled ozone soundings. Nevertheless, approxiixately 15-20 pairs of. 

the 66 dust observations and the available ozone profiles. Simultaneous 
data did not exist; optical radar  observations were performed at night, 
typically near 2 100 EST, while the ozone observations were usually scned-" 
uled at 0700EST. Thus, the observations were normally obtaine'd appr-oxi- i 

\ 

\ -  

mately - half a day apart. The correlation coefficients displayed inFig. 17 * I  
I 

are crosscorrelations at each altitude between ozone and dust with dust-  
measurements approxim-ately 0.5 and 1.5 days before and after the ozone 

observation. The correlation coefficients for altitudes near the center of 
mass  of the aerssol layer a r e  all negative, having values of approximately 

-0.5 fo r  the lag categories shown in the diagram. The correlations were 
extended to 30.-day lag in order to  establish the statistical properties of 

presumably uncorrelated data. The value -0.5, which was obtained for 
t 

the coefficient at altitudes near the 

t . . .  . .  .. . 
. I  _. . . . .  

center of mass of the aerosol'layer, 

25 
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was thereby found to be -1.9 standard deviations from the mean value of 

.. 
the correlation coefficient f o r  large lags. Since the p h  Tbility of exceeding 
.1.9 standard deviations is approximately 6% for a normiiidistribution, we 
believe that the negative value Of the correlation coefficient is physically 
significant. 

3he .aerosol  data have also been correiated with the measurements of 
total ozone ohtained at Bedford, 'Massachusetts, to provide additional sta- 
tistical evidence of a relation between the aerosol layer and stratospheric 
ozone. Most changes in  total ozone a re  highly correlated with changes in  
the ozone content of the lower stratosphere. Mateer and Godson (1960) 
found, for example, a correlation coefficient of +0.97 between total ozone: and 

the ozone in the 12-24 km altitude interval for a Canadian station. Hering 
and Eorden (1 965b) have correlated ozone concentrations obtained froln 
the ozonesonde network with total ozone; the highest correlation coefli- 
cients were usually obtained at altitudes between 8 kni and 2 0  km. 

Since total ozone observations are  performed on a daily rather than on 
a weekly basis, a larger number of data pairs was available and the sta- 
tisticai significance of the results is thereby increased. The results a r e  surnma- 
rized in  Fig. 18, which shows isopleths of constant correlation coefficients 
as a function of the altitude of the dust measurement and the lag, i n  days, 

\- \-r-- - 

. .  e 

between the dust and total ozone observations. Again, simultaneous obser- 
vations were not obtained because the total ozone measurements were 
taken near 1200 EST. The calculations show a very high anticorrelation 
between total ozone and the dust at 16 km (the center of mass of the dust 
layer) which falls off rapidly with increasing lag. The coinputed corre- 
lation coefficient is -0.7, which exceeds the mean correlation coefficient 
at large lags by almost 4 standard deviations. This result verifies the 
relationship between stratospheric dust and ozone during the study period. 

Fig. 19 is a scatter diagram showing observed values of - at 16 lcrn 2 

=N[ 
and total  ozone for data pairs with dust measured the night after ozone; 
if ozone data were missing for that lag category, the ozone observation 
obtained the day after the dust measurement was  used in  the diagram. 
Total ozone is plotted as the ordinate and the dust'parameter as the 

, .  



abscissa in the display; data pairs in which the dust parameter has a 
shutter correction a r e  plottcd as open circles. The negative correlation 
is evident in the figure, with the largest dust amounts associated with 
low ozone values and maximum ozone amounts abserved only when dust 

. concentrations a r e  low. 
I 

It has been pointed out, in reference to Fig. 11, that high dust amounts 
were observed in the fall of 1964 and  sorfie low values were obtained in  
the spring of 1964 and of 1965. Since the total ozone measurement always 
exhibits characteristically high values in spring and low values in fall, . 
the correlation coefficients wzre recalculated; ozone data were used with 

. .  

. .  

. .- 

the seasonal variation of ozone renioved, to eliminate the possibility that 
the correlation was fortuitously obtained by the incursion of large amounts 
of dust from the Southern Hemisphere during seasons with a minimum- 
ozone content and subsequent decreasing trcnds of dust concentration 
during seasons with increased ozone amounts, Thirty-day ruming means 
were subtracted from the observed total ozone amounts to eliminate 
seasonal variations of ozone, The correlation coefficients calculated for 
this case are shown in Fig. 20, As would be expected with regard to the 
seasonal effects that have been described, the niagnitudcs of the corre- 
lation coefficients were reduced.;. however, the dust amounts at altitudes 
near the center of mass  of the aerosol layer and total ozone remain neg- 
atively correlated for lags up to two days. Observed correlation coeffi- 
cients have values of approximately -0.35, exceeding the mean of corre- 
lation coefficients computed for longer lags by over two standard devia- 
tions, thereby remaining statistically significant at the 5% level of con- 

fidence, A scatter diagram for dust amounts at 16 Itm and deviations from 
the r;aont'nly mean of total ozone has been constructed and is shown as 

.Fig. 21. Again, a negative trend in the observations is indicated with 
high dust amounts tending to be associated with negative deviations and 

. large poktive deviations occurihg only when dust concentrations a r e  
low. \ 

. 

The calculations that have been described q p l y  to the time period 
, 

'\ 

. from January 1964 to  April 1965, f o r  which vertical  profiles of '\ 

\ 
\ 
\ .. . , 

i 



! 
atmospheric ozone were available. Total ozone amounts wcre avaiiabie, 
however, up to August 1965; data pairs with all available total ozone 
observations included were used in constructing the scatter diagrams 
shown in Figs. 19 and 21. The correlations between dust and total ozone 
measurements were recalculated, with dust datz included for the 
exte % ded time period that concurred essentially with Yne observed trend 
towqrd natural conditions in the stratospheric dust l a  e r  and was chara- 
cterized by low dust amounts. F o r  the dust-total ozone correlations, the 
coefficients were reduced by approximately 20% of their values when the 

data for  the summer of 1965 were included. The calculations may indi- 

I 
I 

I 

t I _- 
-- 

I 
. 

cate that the relationship was not a s  pronounced in the presence of smaller 
dust amounts; this is also visually observed in Figs. 25 and 27 by the 
trend for increased scatter in  the data points associated with lower dust 
conc znt r ations. 

In order to  compare the temporal behavior of ozone with that of the 
stratospheric aerosol, autocorrelation functions for ozone concentrations 

The considerable amount of persistence displayed by the dust data is 
I . at each altitude have been calculated. The results a r e  shown in Fig. 22. 

lacking; the autocorrelation function decreases to  insignificant values 
withing one or  two days. Similar calculations performed with total ozone 
are shown in Fig. 23. The autocorrelation function falls rapidly, but 
then remains significantly correlated for'at least a month; this is taken 

to reflect the sea.sona1 trend in the total ozone.-.,'$hqulation_s - !or 
Fig. 22 were made by using only the ozone profiles obtained within a 
few days of the dust profiles, and the statistical fluctuations associated 
with small  data samples a re  evident. In the total ozone correlogram 
continuous observations were used for  the entire period of observation; 

. therefore it represents a larger and considerably more homogeneous 

- -  
- _  - 

sample from which to calculate the autocorrektion function. 
To conclude, a significant relationship was found between ozone and 

aerosols in the lower stratosphere, which acts in such a-way that daily I 
.. . . . .  ' . .  . .  . .  . . . .  
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fluctuations of each parameter a r e  negatively correlated. The aerosol 

particle ConcentrAtions were probably an order of mag itude larger  than 
the natural population of Stratospheric aerosols and the physical and 
chemical properties of the particulate material- were likely to be dif- 

ferent fyom the natural state. Perhaps, the observed correlation may 
reflect effects in the ozone measureinent resulting from t'ne perturbed 
conditions in the stratosphere; we a re  in no position, at present, to  
comment on the possibility of such systematic effects, which, i f  present, 

I study was conducted during a perturbed state of the atmosphere when / 
- 

i r 
I . 

. 
I 

. - -  

8 .  I 

* .  

could affect both the measurement of total ozone and the measureraent 
of the verticzl distribution. The calibration technique for the Regener 

ozonesonde i-equires that integrated ozone amounts match the total ozone 
measurement. If the correlation is not caused by an instrumental e r ro r ,  
it. is interesting to speculate about the physical relationship between s t ra-  
tospheric dust and ozone. A possibility exists that the stratcspheric aer- 
osol, located in a region where ozone concentratims are much higher than 
near the surface of the earth, may be an important \ sink for the chemical 
decomposition of ozone through catalytic reactions (K oening, 1965; 
Pittock, 1965). The two constituents may have o n l f i ~ h ~ v e - r e l a b n - - - - -  
ship resulting from large scale quasi-horizontal mixing processes that 
transport the dust and ozone from different source regions. This has also 
been suggested recently by Pittock (1966). The various possibilities that 
have been discussed * will be investigated in the future. .- 
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